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and Three-Dimensional Nuclear Magnetic Resonance 
Spectroscopy 
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Over the last decade, nuclear magnetlc resbnance (NMR) 
spectroscopy has evolved Into a poweWul method for deter- 
mlnlng structures of blological macromolecules. This has 
opened a unique opportunlty for obtalnlng hlgh-resolutlon 
three-dimensional structures In solullon, In contrast to the 
well-estabUshed methods of X-ray dlffractlon, which are a p  
pllcable only to sollds and In partlcular slngle crystals. Thls 
r a w  devebpment has been spwrad by several key advances 
In the fleld, especlally the lntroductlon of two- and three-dl- 
menslonal NMR experlments, hlgh field spectrometers (500 
and 600 MHr), and computatlonal algorlthms for convertlng 
NMR derived restraints Into threedimenslonal structures. This 
revlew OU(Hnes the methoddogy employed for sdvlng proteln 
structures In solutlon, descrlblng the basic NMR experlments 
necessary as well as lntrocluclng the concepts upon whkh the 
computational algorithms are founded. A varlety of examples 
Is discussed, Illustrating the present state of the art, and future 
posslbllltles are lndlcated. 

INTRODUCTION 
Over the last few years there has been a burst of renewed 

interest in protein studies, especially aimed at  understanding 
their structures, functions, and physiological roles. Some of 
this increased enthusiasm can be attributed to a variety of 
technological advances in the area of modern molecular bi- 
ology. The advent of molecular cloning, particularily of protein 
encoding genes, and rapid DNA sequencing methods have led 
to an explosion in the number of available protein sequences, 
reaching over 15000 at  the latest count. Whereas this wealth 
of data is clearly impressive, amino acid sequences per se are 
of limited value in understanding protein function. We need 
to know the three-dimensional structure before we can begin 
to make progress in analyzing the intricate reactions carried 
out by proteins such as catalysis, ligand binding, gene regu- 
lation, and assembly. The design of modified proteins and 
rational design of ligands (drugs), as well as attempts at  de 
novo design of protein molecules, all have to be based on 
concepts at  the atomic level in three-dimensional space, 
thereby creating an increasing need for detailed structural 
analysis. 

Until recently, the only experimental technique available 
for determining three-dimensional structures had been sin- 
gle-crystal X-ray diffraction, and most of our structural 
knowledge about proteins is based on those crystal structures. 
There are approximately 400 coordinate sets available to date, 
comprising about 120 different protein folds. Analyzing 

protein structures by crystallography can be a slow and dif- 
ficult undertaking since the first, and possibly hardest task, 
involves growing X-ray quality grade crystals, which have to 
be well ordered to give rise to good diffraction spots. Even 
if this task is accomplished, a second hurdle still needs to be 
overcome, as the phases have to be solved, commonly achieved 
by collecting data on heavy atom derivatives. Thus, despite 
spectacular advances in protein crystallography, we are faced 
with an enormous gap between the available primary sequence 
data and the tertiary structure data on proteins. 

Over the last ten years, a second method for determining 
protein structures has been developed and is by now well 
established. This method makes use of nuclear magnetic 
resonance (NMR) spectroscopy. Unlike crystallography, NMR 
measurements are carried out in solution under potentially 
physiological conditions and are therefore not hampered by 
the ability or inability of a protein to crystallize. 

The principal source of information used to solve three- 
dimensional protein structures by NMR spectroscopy resides 
in short interproton distances supplemented by torsion angles. 
The distances are derived from nuclear Overhauser effect 
(NOE) measurements. The size of the NOE between two 
protons is proportional to r”, where r is the distance between 
them. Torsion angles are obtained from an analysis of 
three-bond coupling constank, which are related to dihedral 
angles. An essential prerequisite for obtaining interproton 
distance restraints and torsion angle restraints is the assign- 
ment of the NMR spectrum; that is to say the identity of every 
proton resonance has to be determined. This is not a trivial 
task considering that the proton spectrum of even a small 
protein comprising only 80 amino acids contains approxi- 
mately 650 resonances. All of these exhibit several cross-peaks 
in the two-dimensional (2D) spectrum such that the number 
of cross-peaks can easily reach several thousand whose identity 
has to be ascertained. Complete spectral assignment is 
therefore an integral part of the structure determination. 

Although it was appreciated relatively early on that NMR 
could in principle provide the necessary information to obtain 
three-dimensional structures, it is only fairly recently that this 
goal has been realized. The reasons for this are 3-fold: (i) 
The development of 2D NMR experiments (1-3) alleviated 
problems associated with resonance overlap, which for mac- 
romolecules prevents any analysis of the traditional one-di- 
mensional spectrum. This is achieved by spreading all the 
information out in a plane, thereby permitting a detailed 
interpretation of the pertinent spectral features. This con- 
ceptual idea has been extended more recently to three-di- 
mensional (3D) NMR (4-7) again relieving problems arising 
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1.  Sequential resonance assignment 
(a) Identification of spin systems by means of experiments 

demonstrating through-bond connectivities (COSY, MQF-COSY, 

HOHAHA; PS-COSY;  relayed HMQC-COSY;  relayed 

HMQC-HOHAHA). 

(b) Identification of neighbouring amino acids by means of NOE 

measurements demonstrating through-space ( ~ 5  A) short range (li-jlS5) 

interproton connectivities (2D-NOESY. 2D relayed HMQC-NOESY; 3D 

HOHAHA-NOESY; 3D NOESY-NOESY; 3D HMQC-NOESY), 

3. Measurement of three-bond coupling constants 
using experiments such as DQF-COSY. E-COSY, PE-COSY and 

z-COSY, in order lo derive approximate torsion angle restraints. 

4. Assignment of tertiary long range (li.jl>S) NOES 
2D-NOESY; 2D isotope edited NOESY; 2D relayed HMQC-NOESY; 

3D HOHAHA-NOESY; 3D NOESY-NOESY; 3D HMQC-NOESY 

1 

5.  Quantification or classification of NOES to 
yield approximate distance restraints 

2. Identification of regular secondary structure 
elements 
qualitative interpretation of the NOE and backbone amide exchange data. 

6. Determination of the three-dimensional structure 
on the basis of the approximate interproton 
distance and torsion angle restraints 

(a) 

@) 

Manual and semi-automatic model building m e h d s  

Methods relying on data bases derived from X-ray 

structures of proteins. 

(c) Metric matrix distance geometry. 

(d) Restrained least squares minimization in torsion 

angle space w i h  a variable target function or a senes 

of ellipsoids. 

(e) Restrained molecular dynamics. 

(0 Dynamical simulated annealing. 

(g) Hybrid metric matrix distance geometry-dynamical 

simulated annealing. 

Flgure 1. Flow chart of the various steps involved in determining the three-dimensional structure of a protein in solution by NMR. 

from spectral crowding, and it is the 3D approach in particular 
that will extend the present limits with respect to the size of 
the proteins that can be studied. (ii) The availability of high 
field magnets (500 and 600 MHz) has resulted in spectrom- 
eters with both a significant increase in signal-to-noise ratio 
and greater spectral resolution, and continuing development 
in this area again will extend the limits even further. (iii) 
Suitable mathematical algorithms and computational ap- 
proaches that convert the NMR derived restraints into 
three-dimensional structures have been developed (8-14) and 
several robust and efficient methods are now available. 

This article reviews the various stages involved in the de- 
termination of a three-dimensional protein structure by NMR, 
and the flow chart in Figure 1 illustrates the individual steps. 
The general methodology is outlined; however, no attempt is 
made to provide an in-depth description of either the general 
NMR theory or the details of the mathematical algorithms. 
Emphasis is placed on the application of NMR to structural 
studies and several examples illustrating various points are 
presented. 

BASIS OF TWO- AND THREE-DIMENSIONAL 
NMR 

The principles of 2D NMR have been discussed in depth 
(see ref 15 for a comprehensive review) and only a very basic 
and brief description will be given here. Each proton (spin) 
possesses a property known as magnetization. When a 
molecule is placed in a magnetic field, the magnetization lies 
parallel to it. Rotation of this magnetization away from its 
parallel orientation, either by a radio frequency pulse or a 
combination of pulses allows one to follow the return of the 
magnetization to its equilibrium state. In any 2D NMR ex- 
periment this is called the preparation period. This is followed 
by an evolution period in which this transient state of the spins 
is allowed to evolve for varying time periods tl, a mixing period 

w2 

Flgure 2. Generalized representation of the 2D NMR experiment. 

during which the spins are correlated with each other, and 
finally the detection period t2 A number of experiments are 
recorded with increasing values for tl to generate a data matrix 
s(tl,t2). Two-dimensional Fourier transformation of s ( t l , t2 )  
yields the 2D spectrum S(wl,w2). The second frequency di- 
mension in the 2D spectrum originates from the Fourier 
transformation of the t l  modulation paptterns in the 1D 
spectra. The two frequency coordinates w1 and w2 of a par- 
ticular resonance thus correspond to the tl and t2 frequencies 
associated with the observed magnetization. This is illustrated 
schematically in Figure 2. Most homonuclear 2D experiments 
contain the 1D spectrum on the diagonal with symmetrically 
placed cross-peaks on either side of the diagonal representing 
different kinds of interactions between the spins. The nature 
of the interaction depends on the type of experiment, with 
cross peaks arising from through-bond scalar interactions in 
a COSY (correlated spectroscopy) (2) or HOHAHA (homo- 
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Flgure 3. Scheme for combining two 2D NMR experiments into a 30 
NMR experiment. 

nuclear Hartmann-Hahn) (16) experiment and from 
through-space correlations in a NOESY (nuclear Overhauser 
and exchange spectroscopy) (1  7) experiment. 

Since every 2D NMR experiment consists of the basic 
scheme 

preparation-evolution (tJ-mixing-detection ( t2 )  

it is conceptually very simple to construct a 3D experiment 
out of two 2D experiments by omitting the detection period 
of the first 2D experiment and the preparation period of the 
second one, combining both into a single pulse train as il- 
lustrated in Figure 3. The new detection period is now called 
t3 and for every time variable t2, a complete (tl,t3) 2D data 
set is acquired. Fourier transformation of t 2  sections taken 
through these 2D data sets converts the set of 2D spectra into 
the 3D spectrum. Since any two 2D experiments can be 
combined into a 3D experiment, one can envisage an enormous 
number of such experiments, starting from homonuclear 
versions and progressing to various heteronuclear 3D exper- 
iments. A recent overview over a large number of combina- 
tions of 2D experiments for 3D versions can be consulted for 
further reading (18). The power of the 3D NMR experiments 
lies in overcoming resonance overlap which for larger proteins 
becomes again a major obstacle in the traditional 2D ones. 
The f i t  3D experiments on proteins were of the homonuclear 
type ( 4 , 5 ) .  While elegant and no doubt useful in certain cases, 
the applicability of these homonuclear 3D experiments to 
larger proteins is limited, as the efficiency of magnetization 
transfer is severely reduced with increasing line widths. This 
is not a problem for 3D heteronuclear experiments ( 6 , n  which 
contain a heteronuclear shift correlation (HMQC, heteronu- 
clear multiple quantum coherence) experiment such as 3D 
NOESY-HMQC or 3D HOHAHA-HMQC. For those the 
heteronuclear magnetization transfer occurs via relatively large 
one-bond couplings and is therefore very effective. Such 
heteronuclear 3D experiments represent in essence a series 
of 2D NOESY or HOHAHA spectra edited with respect to 
the chemical shift of the directly bonded heteronucleus, such 
as 15N or 13C. Because these spectra can be regarded as 
stretched out heteronuclear edited 2D spectra, their basic 
appearance and features resemble 2D spectra, which allows 
for easy interpretation and data analysis. A schematic drawing 
of such a 3D spectrum is presented in Figure 4. Major ad- 
vantages of these heteronuclear 3D experiments are their high 
sensitivity (provided the protein is isotopically enriched) and 
ease of analysis. 

NUCLEAR OVERHAUSER EFFECT 
NMR-derived protein structures are mainly based on NOE 

measurements that can demonstrate the proximity of protons 
in space and allow determination of their approximate sep- 
aration (19-21). The principle of the NOE is relatively 
straightforward and is summarized in Figure 5. Considering 
the simplest system with only two protons, each of which 
possesses a property known as magnetization, exchange of 
magnetization between the protons occurs by a process known 
as cross-relaxation. Because the cross-relaxation rates in both 
directions are equal, the magnetization of the two protons at  
equilibrium is equal. The approximate chemical analogy of 
such a system would be one with two interconverting species 
with an equilibrium constant of 1. The cross-relaxation rate 

F2 ( 'H)  

Flgure 4. Schematic illustration of a heteronuclear 3D NMR experi- 
ment. 
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Figure 5. Basis of the NOE: rt, distance between the protons iand 
j ;  u, cross-relaxation rate: N, NOE; T ~ ~ ~ ,  correlation time. 

is proportional to two variables: r4, where r is the distance 
between the two protons, and T~~ the effective correlation time 
of the interproton vector. I t  follows that if the magnetization 
of one of the spins is perturbed, the magnetization of the 
second spin will change. In the case of macromolecules the 
cross-relaxation rates are positive and the leakage rate from 
the system is very small, so that, in the limit, the magnetization 
of the two protons would be equalized. The change in 
magnetization of proton i upon perturbation of the magne- 
tization of proton j is known as the nuclear Overhauser effect 
(NOE). The initial build-up rate of the NOE is equal to the 
cross-relaxation rate and, hence, proportional to r4. 

In one-dimensional NMR, the NOE can be observed in a 
number of ways, all of which involve the application of a 
selective radio frequency pulse a t  the position of one of the 
resonances. The simplest experiment involves the irradiation 
of resonance i for a time t ,  followed by acquisition of the 
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spctrum. If proton j is close in space to proton i, its magne- 
tization will be reduced and this is best observed in a dif- 
ference spectrum subtracting a spectrum without irradiation 
from one with selective irradiation. An alternative approach 
involves the selective inversion of resonance i followed by 
acquisition after a time t. This particular experiment is the 
one-dimensional analogue of the two-dimensional experiment. 
In the two-dimensional experiment cross-peaks between 
proton resonances i and j are observed when the two protons 
are close in space and thus exchange magnetization via 
cross-relaxation. 

SEQUENTIAL RESONANCE ASSIGNMENT 
Sequential resonance assignment of the 'H NMR spectra 

of proteins relies on two sorts of experiments: (i) those 
demonstrating through-bond scalar connectivities, and (ii) 
those demonstrating through-space (<5 A) connectivities (22). 
The former, which are generally referred to as correlation 
experiments, serve to group together protons belonging to the 
same residue. The latter involve the detection of NOEs and 
serve to connect one residue with its immediate neighbors in 
the linear sequence of amino acids. 

The first step in the assignment procedure lies in identifymg 
spin systems, that is to say protons belonging to one residue 
unit in the polypeptide chain. Such experiments have to be 
carried out both in HzO and DzO, the former to establish 
connectivities involving the exchangeable NH protons and the 
latter to identify connectivities between nonexchangeable 
protons. Some spin systems are characteristic of single amino 
acids. This is the case for Gly, Ala, Thr, Leu, Ile, and Lys. 
Others are characteristic of several different amino acids. For 
example, Asp, Asn, Cys, Ser, and the aliphatic protons of all 
aromatic amino acids belong to the AMX spin system (i.e. they 
all have one CaH and two CSH protons). 

The simplest experiment used to delineate spin systems via 
scalar correlations is the COSY experiment, which was first 
described in 1976 by Aue et al. (2) and demonstrates direct 
through-bond connectivities. Thus, for a residue which has 
NH, CaH, CSH, and CYH protons, connectivities will only be 
manifested between the NH and C"H, CaH and CSH, and CBH 
and CYH protons. This basic COSY experiment has now been 
superseeded by slightly more sophisticated experiments such 
as DQF-COSY (23) and P.COSY (24), which have the ad- 
vantage of exhibiting pure phase absorption diagonals when 
the spectra are recorded in the pure phase absorption mode. 
This enables one to detect cross-peaks close to the diagonal. 

Experiments that demonstrate only direct through-bond 
connectivities are of limited value if taken alone, due to 
problems of spectral overlap. In a protein spectrum, the 
degree of spectral overlap tends to increase as one progresses 
from the NH and CaH protons to the side chain protons. For 
this reason, experiments that also demonstrate indirect or 
relayed through-bond connectivities, for example between the 
NH and CQ protons, are invaluable. In this respect, the most 
useful experiment is the HOHAHA experiment (16) (also 
referred to as TOCSY for total correlated spectroscopy (25)). 
By adjusting the experimental mixing time, one can obtain 
successively direct, single, double, and multiple relayed con- 
nectivities. Further, the multiplet components of the cross- 
peaks are all in-phase in HOHAHA spectra, in contrast to 
COSY type spectra where they are in antiphase. As a result, 
the HOHAHA experiment is in general more sensitive and 
affords better resolution than the COSY type experiment. A 
schematic representation of cross-peak patterns observed in 
HOHAHA spectra for the various spin systems is illustrated 
in Figure 6. Examples of protein HOHAHA spectra in HzO 
and DzO are shown in Figure 7. 

Once a few spin systems have been identified, one can then 
proceed to identify sequential through-space connectivities 

N 
/ 

V I V I 

Figure 8. Schematic representation of cross-peak pattems observed 
in HOHAHA spectra for various amino acid spin systems. In a COSY 
spectrum, only direct connectivities are observed. 

involving the NH, CaH, and CQ protons by means of two- 
dimensional NOE spectroscopy (NOESY). For the purpose 
of sequential assignment the most important connectivities 
are the CaH(i)-NH (i + 1, 2, 3, 4), CflH(i)-NH(i + l), NH- 
(i)-NH(i + l), and C"H(i)-C@H(i + 3) NOEs. This is illus- 
trated schematically in Figure 8 and an example of a NOESY 
spectrum is shown in Figure 9. 

In the case of large molecules where the NH proton reso- 
nances are broad, the sensitivity of the conventional COSY 
spectrum can be improved by a factor of -2 by recording a 
15N-filtered COSY spectrum (26) (also known as PS-COSY 
for pseudo single quantum COSY). Labeling the protein 
uniformly with 15N allows for efficient generation of hetero- 
nuclear zero and double quantum coherences whose relaxation 
rates, to a first-order approximation, are not affected by 
heteronuclear dipolar coupling. This permits one to eliminate 
one of the major line broadening mechanisms for amide 
protons in proteins, namely heteronuclear dipolar coupling 
to the nitrogen nucleus. As a result the multiple quantum 
resonances are significantly narrower than the corresponding 
NH resonances. The ISN chemical shift contribution is easily 
removed from the multiple quantum frequency, yielding 
spectra that are similar in appearance to a regular COSY 
spectrum apart from the line narrowing of the NH resonances. 

As proteins get larger, problems associated with chemical 
shift dispersion become increasingly severe. One approach 
for alleviating such problems in the sequential assignment of 
proteins involves correlating proton-proton through-space and 
through-bond connectivities with the chemical shift of a di- 
rectly bonded NMR active nucleus such as 15N or 13C. In the 
case of completely 15N labeled protein, two sorts of experi- 
ments are particularily useful. The first are relayed experi- 
ments combining the heteronuclear multiple quantum co- 
herence scheme (27-31) with experiments such as NOESY, 
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Flgwe 7. 60o-MHz HOHAHA spectrum of hirudin in H,O showing the NH(FP)-aHphatic(Fl) region of the spectrum. Peaks are labeled at the positions 
of the direct NH-CaH connectiiities (A). 600-MHz HOHAHA spectrum of hirudin in D,O showing the C"H(Fl)-aliphatic(F2) region of the spectrum. 
A number of spin systems are indicated (6) (ref 50). 

COSY, or HOHAHA (Figure 10) (32). These experiments 
yield the same information as the homonuclear NOESY, 
COSY, and HOHAHA experiments but the NH proton 
chemical shift axis is replaced by that of the I5N chemical shift. 
Because it is rare to find that both the 'H and 15N chemical 
shifts of two NH groups are degenerate, NOES and through- 
bond correlations involving NH protons with the same 

chemical shift can readily be resolved in this manner. The 
second type of experiment involvea the detection of long range 
correlations between 15N and C"H atoms using 'H-detected 
heteronuclear multiple-bond correlation (HMBC) spectroscopy 
(33). In particular, the observation of two-bond I5N(i)-CUH(i) 
and three-bond 15N(i)-C"H(i-l) correlations enables one to 
connect one residue with the next (34). Additionally, because 
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helices are characterized by a stretch of strong or medium 
NH(i)-NH(i + 1) NOEs and medium or weak C"H(i)-NH(i 
+ 3) and C"H(i) - C N ( i  + 3) NOEs and CaH(i) - NH(i + 1) 
NOEs, sometimes supplemented by NH(i) - NH(i + 2) and 
C u H ( i )  - NH(i + 4) NOEs. Strands, on the other hand, are 
characterized by very strong CaH(i) - NH(i + 1) NOEs and 
by the absence of other short-range NOEs involving the NH 
and C"H protons. @ sheets can be identified and aligned from 
interstrand NOEs involving the NH, C'H, and CeH protons. 
I t  should also be pointed out that the identification of sec- 
ondary structure elements is aided by NH exchange data, in 
so far that slowly exchanging NH protons are usually involved 
in hydrogen bonding, and by 3 J H N a  coupling constant data. 
Figure 14 illustrates the application of this method to the 
protein interleukin-8 (36). Inspection of the short range NOE 
data immediately enables one to identify three /3 strands, 
several turns, and a long helix a t  the carboxy terminus. 

Several factors should be borne in mind in assessing the 
accuracy of secondary structure elements deduced by using 
this approach. Essentially it is a data based approach in so 
far that the expected patterns of short range NOE connec- 
tivities for different secondary structure elements have been 
derived by examining the values of all the short range dis- 
tances involving the NH, C"H, and CbH protons in regular 
secondary structure elements present in protein X-ray 
structures. Thus, it  tends to perform relatively poorly in 
regions of irregular structure such as loops. In addition, the 
exact start and end of helices tend to be rather ill-defined, 
particularly as the pattern of NOEs for turns is not all too 
dissimilar from that present in helices. Thus, a turn at the 
end of a helix could be misinterpreted as still being part of 
the helix. In the case of /3 sheets, the definition of the start 
and end is more accurate as the alignment is accomplished 
from the interstrand NOEs involving the NH and CuH pro- 
tons. Therefore, although this secondary structure delineation 
is a very easy and straightforward procedure, it  can only be 
used in a qualitative fashion and accurate positioning of the 
identified secondary structure elements can be only accom- 
plished after the complete 3D protein structure has been 
determined. 

INTERPROTON DISTANCES RESTRAINTS 
The initial slope of the time-dependent NOE, Nii ( t ) ,  be- 

tween two protons i and j is equal to the cross-relaxation rate 
q, between the two protons (37) 

? I t z o  - - uij (1) 

q j  is simply the rate constant for exchange of magnetization 
between the two protons. uij, in turn, is proportional to ( rij4) 
and T e R ( i j ) ,  where rij is the distance between the two protons 
and T&j) the effective correlation time of the i-j vector: 

1011 
10 30 

d . .  3 a2938 

Flgure 8. Schematic illustration of the connectivks used for sequential 
resonance assignment of protein spectra. 

u : 

(y is the gyromagnetic ratio of the proton, h is Planck's 
constant divided by 2r, and w is the spectrometer frequency). 
I t  therefore follows that at short mixing times, T,, ratios of 
NOEs can yield either ratios of distances or actual distances, 
if one distance is already known, through the relationship 

rij/rkl = (ukl/gij)1'6 (3) 
providing the effective correlation times for the two inter- 
proton vectors are approximately the same. 

In practice, initial slope measurements are not entirely 
trivial. First the magnitude of the NOEs at  very short mixing 
times are small, inevitably posing a single-to-noise problem. 
Second, the measured NOE at short mixing times may not 
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65 

0 0 .  

Figure 10. BOO-MHz 15N-'H HMQC-NOESY spectrum of uniformly labeled 15N Ner protein in H,O. The I5N(F1)-NH(F2) region of the spectrum 
with selected NH(I)-NH(I + 1) NOE connectiivitles Is shown (ref 32). 

reflect the true magnitude of the NOE due to the particu- 
larities of the experimental setup. In addition, problems 
arising from spin diffusion in large multispin systems intro- 
duce errors into the initial rate approximation. These can to 
some degree be minimized by carrying out a full relaxation 
matrix analysis (38), although certain problems still exist (39). 
For proteins, however, variations in effective correlation time 
will always present a problem if one wants to extract accurate 
interproton distances and it is therefore advisable to settle 
for only approximate interproton distance restraints. Because 
of the ( r 4 )  dependence of the NOE, such approximate in- 
terproton distance restraints can clearly be derived even in 
the presence of large variations in effective correlation times. 
Empirically, the type of classification generally used is one 
in which strong, medium, and weak NOEs correspond to 
distance ranges of approximately 1.8-2.7, 1.8-3.3, and 1.8-5.0 
A, where the lower limit of 1.8 8, corresponds to the sum of 
the van der Waals radii of two protons. By use of such a 
scheme, variations in effective correlations times do not in- 
troduce errors into the distance restraints. Rather, they only 
result in an increase in the estimated range for a particular 
interproton distance. 

TORSION ANGLE RESTRAINTS 
Vicinal spin-spin coupling constants can provide useful 

information supplementing the interproton distance restraints 
derived from NOE data. In particular, ranges of torsion angles 
can be estimated from the size of the coupling constants. The 
Iatter may be obtained by analyzing the multiplet patterns 
in COSY and COSY-like (e.g. DQF-COSY, E-COSY, PE- 
COSY, z-COSY) spectra. 

The easiest coupling constants to determine in proteins are 
the 3 J ~ ~ a  coupling constants that can be obtained by simply 
measuring the peak-to-peak separation of the antiphase 
components of the CaH-NH COSY cross-peaks. The size of 

the 3JHNa coupling constant is related to the 4 backbone 
torsion angle through a Karplus-type relationship (40).  
Consequently, values of 3JHNa <6 and >8 Hz correspond to 
ranges of -10' to -90' and -80' to -180°, respectively, for the 
4 backbone torsion angles. Considerable care, however, has 
to be taken in deriving 4 backbone torsion angle ranges from 
apparent values of 3JHNa coupling constants measured in this 
way, as the minimum separation between the antiphase 
components of a COSY cross-peak is equal to approximately 
half of the NH line width (41). That is to say that small 
coupling constants can only be determined for relatively sharp 
resonances. This limitation can be overcome by measuring 
3Jma from I5N HMQC-COSY/HMQC-J spectra (42) because 
of the significantly narrower multiple quantum line widths 
in these experiments. 

x1 side chain torsion angle restraints and stereospecific 
assignments can be obtained by analyzing the pattern of 3J,a 
coupling constants and the relative intensities of the intrar- 
esidue NOEs from the NH and CaH protons on the one hand 
to the two C4-I protons on the other, and in the case of valine 
to the CYH3 protons. The 3Jaa coupling constants are related 
to the x1 torsion angle and are best measured from correlation 
spectra which yield reduced multiplets such as @-COSY, E- 
COSY, P.E.COSY, or z-COSY (43,44).  In addition, under 
suitable conditions, they can be qualitatively assessed from 
the CaH-C@H cross-peak shapes in HOHAHA spectra (45). 

If both 3Jms couplings are small (-3 Hz) then x1 must lie 
in the range 60 f 60'. If, on the other hand, one of the 3Jap 
couplings is large and the other small, x1 can lie either in the 
range 180 f 60' or -kX f 60'. These two possibilities are easily 
distinguished on the basis of short mixing time NOESY ex- 
periments which yield simultaneously stereospecific assign- 
ments of the @-methylene protons. Clearly, this approach may 
fail if a side chain has a mixture of conformations or the x1 
angle deviates by more than -40' from the staggered rotamer 
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Figwe 11. (A) Fingerprint regions of the '5N-edtted NOESY (upper) and I5N decoupled HOHAHA (lower) spectra of uniformly I5N labeled interleukin-10. 
(B) Corresponding regions of a slice from the 3D heteronuciear NOESY-HMQC (upper) and HOHAHA-HMQC (lower) spectra of the protein under 
identical conditions (ref 7b). 

conformations (SO', M O O ,  and -60'). In the former case, the 
coupling and NOE data will be mutually inconsistent, while 
in the latter, it may not be possible to make an unambiguous 
distinction between two rotamer conformations. Fortunately, 
analysis of high-resolution X-ray structures in the protein data 
bank has shown that 95% of all x1 angles lie within f15' of 
the staggered rotamer conformations and that there is a very 
clear correlation between the values of x1 and the degree of 
refinement: the better refined the structures, the closer the 
x1 angles to the ideal staggered rotamer conformations. These 
results suggest that stereospecific assignments can be obtained 
for up to 80% of 8-methylene protons using this simple ap- 
proach. In practice, of course, the percentage of stereospecific 
assignments will be lower due to either spectral overlap or large 
line widths, preventing the determination of 3Jas coupling 
constants. 

A more rigorous approach for stereospecific assignment 
involves matching the observed 3JHNa and 3Jas coupling con- 
stants, together with approximate distances from the in- 

traresidue C"H-CQ and NHXQ NOEs and the interresidue 

CsH(i)-NH(i + 1) NOEs to theoretical values held in a data 
base which are derived either for all combinations of 4, \k, and 
x1 torsion angles (varied by loo) in a model tripeptide segment 
or for tripeptide segments taken from high-resolution X-ray 
structures (46, 53). The data base search is carried out for 
both possible stereospecific assignments, and in those cases 
where only one of the two assignments satisfies the infor- 
mation in the data base, the correct stereospecific assignment, 
together with ranges for the 4, J., and x1 torsion angles, are 
obtained. A key advantage of this method is that it allows 
one to obtain much narrower limits for the 4, \k, and x1 torsion 
angle restraints than would otherwise be possible. 

ASSIGNMENT OF LONG RANGE (li - j I > 5) 
NOEs IN PROTEINS 

In globular proteins the linear amino acid chain is folded 
into a tertiary structure such that protons far apart in the 

CaH(i - 1)-NH(i), C"H(1')-NH(i + l ) ,  CQ(i - l)-NH(i),and 
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Flgure 12. Demonstration of the sequential assignment procedure for 
the 30 spectra of interleukin-@. Connecthriis between neighboring 
amino acid spin systems are achieved by "plane hopping" through the 
3D cube (ref 7b). 

sequence may be close together in space. These protons give 
rise to tertiary NOEs whose identification is essential for 
determining the polypeptide fold. Once complete assignments 
have been made, many such long-range NOEs can be iden- 
tified in a straightforward manner. I t  is usually the case, 
however, that the assignment of a number of long range NOE 
cross-peaks remains ambiguous due to resonance overlap. In 
some cases, this ambiguity can be removed by recording ad- 
ditional spectra. Where ambiguities still remain, it is often 
possible to resolve them by deriving a low-resolution structure 
on the basis of the available data &e. the secondary structure 
and the assignment of a subset of all the long-range NOEs) 
either by model building or by distance geometry calculations. 
This low-resolution structure can then be used to test possible 
assignments of certain long-range NOEs. For larger proteins 
it becomes increasingly difficult to assign tertiary NOEs be- 
cause of the associated overlap problems. In these cases the 
3D approach will become a necessity, in particular 13C 3D 
experiments since they allow editing with respect to particular 
side chain positions for which the individual NOEs can then 

turn I turn I I  half-turn 

1 2 3 4  1 2 3 4  ' 2 3 4  - I I 

- - L A  

- 

Flgure 13. Characteristic patterns of short-range NOEs involving the 
NH, CaH, and CPH protons seen in various regular secondary structure 
elements. The NOEs are classified as strong, medium, and weak, 
reflected in the thickness of the lines. 

be extracted. In Figure 15 all experimental short- and in- 
termediate-range NOE restraints (A) as well as all long-range 
NOE restraints (B) that were measured from the NOESY 
spectra are shown as dotted lines superimposed on the 
framework of the finally determined structure of hirudin, 
illustrating the dense network of distances throughout the 
protein core. 

TERTIARY STRUCTURE DETERMINATION 
Several different approaches can be used to determine the 

three-dimensional structure of a protein from experimental 
NMR data. The simplest approach, at least conceptually, is 
model building. This can be carried out either with real 
models or by means of interactive molecular graphics. I t  
suffers, however, from the disadvantage that no unbiased 
measure of the size of the conformational space consistent with 
the NMR data can be obtained. Consequently, there is no 
guarantee that the modeled structure is the only one consistent 
with the experimental data. Further, in this way nothing more 
than a very low resolution structure can be obtained. Nev- 
ertheless, model building can play an important role in the 
early stages of a structure determination, particularly with 
respect to resolving ambiguities in the assignments of some 
of the long-range NOEs. 

The main computational methods for generating structures 
from NMR data comprise as common feature a conformational 
search to locate the global minimum of a target function that 
is made up of stereochemical and experimental NMR re- 
straints. The descent to the global minimum region is not 
a simple straightforward path as the target function is 
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Flgure 14. Pattern of short-range NOEs involving the NH, CaH, and CBH protons, as well as the C6H protons, for interleukin-8. The intensities 
of the NOEs are indicated by the thickness of the lines. In addition, slowly exchanging backbone amide protons and values of 3Jw are indicated: 
J 5 7 Hz (0); 7 Hz < J < 9 Hz (0); J I 9 Hz (0). The secondary structure deduced from these data is shown at the bottom of the figure (ref 
36). 

(A) 

Flgure 15. Short-range interresidue (11 - /I I 5) and intraresidue (A) and long-range interresidue (li - /I > 5) NOE distance restraints (B) shown 
as dashed lines superimposed on a framework of the final hirudin structure in a smoothed backbone representation. 

characterized by many false local minima that have to be 
avoided or surmounted by all the methods. There are es- 
sentially two general classes of methods. The first can be 
termed real space methods. These include restrained least- 
squares minimization in torsion angle space with either a 
variable target function (9) or a sequence of ellipsoids of 
constantly decreasing volume, each of which contains the 
minimum of the target function ( I I ) ,  and restrained molecular 
dynamics (IO) and dynamical simulated annealing (12,13) in 
Cartesian coordinate space. All real space methods require 
initial structures. These can be (i) random structures with 
correct covalent geometry; (ii) structures that are very far from 
the final structure (e.g. a completely extended strand); (iii) 
structures made up of a completely random array of atoms; 
and (iv) structures generated by distance space methods. They 
should not, however, comprise structures derived by model 
building as this inevitably biases the final outcome. Because 

these methods operate in real space, great care generally has 
to be taken to ensure that incorrect folding of the polypeptide 
chain does not occur. A new real space approach involving 
the use of dynamical simulated annealing, however, has 
succeeded in circumventing this problem (13). In contrast 
to the real space methods, the folding problem does not exist 
in the second class of methods which operates in distance 
space and is generally referred to as metric matrix distance 
geometry (47). Here the coordinates of the calculated 
structure are generated by a projection from N(N - 1)/2 
dimensional distance space (where N is the number of atoms) 
into three-dimensional Cartesian coordinate space by a pro- 
cedure known as embedding (see ref 48 for a comprehensive 
review). 

A flow chart of the calculational strategy that is generally 
used to solve protein structures is shown in Figure 16. Since 
a detailed description of all the various methods would go far 
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Figure 17. Superposition of the backbone (N, C”, C) atoms of 32 
dynamical simulated annealing structures of wild-type hirudin (A) and 
the Lys-47-Glu mutant (B) for the first 49 amino acids. The wild-type 
and mutant structures were calculated on the basis of 701 and 677 
interproton distance restraints, respectively, 26 4 ,  and 18 x, torsion 
angle restraints (ref 50). 
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Flgure 16. Calculational strategy used to solve three-dimensional 
structures of macromolecules on the basis of NMR data. 

beyond the scope of this review, the interested reader is re- 
ferred to the references cited above. (A comparison between 
the different methods is given in ref 49.) All the methods are 
comparable in convergence power. In general, however, the 
structures generated by dynamical simulated annealing or 
refined by restrained molecular dynamics tend to be better 
in energetic terms than the structures generated by the other 
methods, particularly with respect to nonbonded contacts and 
agreement with the experimental NMR data. 

In order to assess the uniqueness and the precision of the 
structures determined by any of the above methods, it is 
essential to calculate a reasonable number of structures with 
the same experimental data set, but different starting 
structures or conditions, and examine their atomic root mean 
square distribution. If these calculations result in several 
different folds of the protein while satisfying the experimental 
restraints, then the data are not sufficient to determine a 
unique structure and either more data have to be gathered 
or the structure determination abandoned. If, however, 
convergence to a single fold is achieved with only small de- 
viations from idealized covalent geometry, exhibiting good 
nonbonded contacts in addition to satisfying the experimental 
restraints, then one can be confident that a realistic and 
accurate picture of the solution structure of the protein has 
been obtained. The spread observed in the superposition 
within the family of structures or a plot of the root mean 
square distribution with respect to the mean allows one to 
assess the precision associated with different regions of the 
protein. 

EXAMPLES 
1. Hirudin. Hirudin is a small 65-residue protein from 

the leech and is the most potent natural inhibitor of coagu- 
lation known. It acts by interacting specifically with a- 
thrombin, thereby preventing the cleavage of fibrinogen. Two 
recombinant hirudin variants have been examined by NMR: 
namely wild-type hirudin and the Lys-47 - Glu mutant (50). 
Analysis of the NMR data indicated that hirudin consists of 
a N-terminal compact domain (residues 1-49) held together 
by three disulfide bonds and a disordered C-terminal tail 

(residues 50-65). Evidence for the presence of a flexible 
C-terminal tail was provided by the absence of any interme- 
diate-range or long-range NOES beyond amino acid 49. 
Therefore structure calculations were restricted to the N- 
terminal domain using the hybrid distance geometry-dy- 
namical simulated annealing method. Experimental input 
data consisted of 701 and 677 approximate interproton dis- 
tance restraints derived from NOE data for the wild-type and 
mutant hirudin, respectively, 26 $ backbone and 18 x1 torsion 
angle restraints derived from NOE and three-bond coupling 
constant data, and 8 backbone hydrogen bonds identified on 
the basis of NOE and amide exchange data. A total of 32 
structures were computed for both the wild-type and mutant 
hirudins (Figure 17). The structure of residues 2-30 and 
37-48 constitute the core of the N-terminal domain formed 
by a triple stranded antiparallel /3 sheet, and the atomic root 
mean square difference between the individual structures and 
the mean structure is -0.7 1\ for the backbone atoms and - 1 
A for all atoms. The orientation of the exposed finger of 
antiparallel /3 sheet (residues 31-36) with respect to the core 
could not be determined as no long range NOES were observed 
between the exposed finger and the core. This is easily ap- 
preciated from Figure 17 since the structures in that region 
exhibit a very large spread. Locally, however, the polypeptide 
fold of residues 31-36 is reasonably well-defined. 

The first five residues form an irregular strand which leads 
into a loop closed off at its base by the disulfide bridge between 
Cys-6 and Cys-14. This is followed by a mini-antiparallel /3 
sheet formed by residues 14-16 (strand I) and 21 and 22 
(strand 1’) connected by a type I1 turn. This /3 sheet is dis- 
torted by a /3 bulge at  Cys-16. Strand I’ leads into a second 
antiparallel /3 sheet formed by residues 27-31 (strand 11) and 
36-40 (strand 11’) connected by a /3 turn (residues 32-35). 
Additionally, residues 10 and 11 exhibit features of a /3 bulge 
with the amide of Gly-10 and the carbonyl oxygen atom of 
Glu-11 hydrogen bonded to the carbonyl and amide groups, 
respectively, of Cys-28. Finally, strand 11’ leads into an ir- 
regular strand which folds back onto the protein such that 
residue 47 (Lys in the wild type, Glu in the mutant) is in close 
proximity to residues in the loop closed off by the disulfide 
bridge between Cys-6 and Cys-14. Not only the backbone but 
also many of the side chain conformations are well-defined, 
especially those in the interior of the protein. 

A superposition of the core (residues 1-30 and 37-49) of 
the restrained minimized mean structures of the wild-type 
and mutant hirudin provides a good representation of the 
differences between the two structures (Figure MA). Regions 
of noticeable difference can be identified where the atomic 
root mean square difference between the two mean structures 
is larger than the atomic root mean square distribution of the 
individual structures about their respective means. This 
analysis indicates the presence of clear differences for the 
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Flgure 18. (A) Superposition of the core (residues 1-30 and 37-49) of the restrained minimized mean structure of wild-type (thick lines) and 
Lys-47-Glu mutant (thin lines) hirudin. (B) View of all atoms around the site of mutation (ref 50). 

backbone atoms of residues 3,5,8,  11-15,22, 26, and 27. In 
the mutant, the backbone atoms of residues 3,4, and 11-15 
are slightly closer to that of residues 45-47 than in the wild- 
type, a change which can be rationalized in terms of the shorter 
length of the Glu side chain relative to that of Lys. Con- 
comitantly, the backbone of residue 8 appears to be pushed 
away in the wild type structure. Residues 22,26, and 27 also 
move in the same direction as residues 11-15. This is sec- 
ondary to the perturbation of residues 11-15 and can be at- 
tributed to the presence of numerous contacts between res- 
idues 8-11 on the one hand and 28-30 on the other, including 
hydrogen bonds between Cys-28 and Gly-10 and between 
Cys-28 and Glu-11. There seems to be no significant differ- 
ences, however, with respect to the side chain positions within 
the errors of the coordinates, even within the immediate vi- 
cinity of residue 47 (Figure 18B). 

At  this point it may be worth mentioning that NMR can 
have two important applications with respect to genetically 
engineered proteins. The structural studies on hirudin were 
first initiated by using natural protein extracted from the 
whole body of leeches (51). All further work was subsequently 
carried out on recombinant products, either comprising the 
wild-type sequence or mutants thereof (50). It was a fast and 
easy task to assess the structural identity of the recombinant 
product, since only a comparison of the appropriate 2D spectra 
had to be carried out. These spectra can be regarded as a 
fingerprint of a particular protein and, hence, a reflection of 
the 3D structure in solution. Simple overlay often allows one 
to ascertain whether the recombinant product is folded in- 
distinguishably from the natural counterpart. In the same 
way, NMR can establish whether the structure of a mutant 
is essentially unchanged from the wild type one, since very 
similar spectra will arise from closely related structures. 
Analyses of this kind can be carried out without a full as- 
signment of the spectra or a complete structure calculation, 
thus providing a useful tool for guiding genetic engineering 
projects. 

2. Cellulose Binding Domain of Cellobiohydrolase. 
Cellulases are enzymes involved in plant cell wall degradation 
that exhibit a common domain structure consisting of a 
catalytic domain (-400-500 amino acids), a highly conserved 
(-70% sequence identity) terminal domain (-40 amino 
acids) that is located either a t  the C terminus or N terminus, 
and a heavily glycosylated linker region (- 30 amino acids), 
which connects the two domains. The domain architecture 
of the cellulases as well as the observation that the domains 
of CBH I retain their respective activities after cleavage 
suggested a dual approach to the problem of obtaining a 
three-dimensional structure of this cellulase, involving the 

Flgure 19. Superposition of the backbone (N, Ca, C) atoms of 41 
dynamical simulated annealing structures of the Gterminal domain of 
CBH I (ref 53). 

application of both NMR and X-ray crystallography. To date 
there has been no success in the crystallization of an intact 
cellulase, whereas crystals of the catalytic domain of CBH I1 
have been obtained (52), opening the possibility for deter- 
mining its X-ray structure. The cellulose binding domain 
being a very small polypeptide, on the other hand, seemed 
ideally suited for a structure determination by NMR. Because 
of its small size it was possible to chemically synthesize the 
36 amino acid domain and it was established that the biological 
properties were identical to those of the cleavage product. The 
subsequent NMR structure determination (53) was therefore 
carried out on the synthetic product and a large number of 
stereospecific assignments obtained by using the data base 
approach resulted in numerous interproton distance and 
torsion angle restraints. Thus an exceptionally large exper- 
imental data set consisting of 554 interproton distance re- 
straints, 334, 249, and 25x1 torsion angle restraints, and 42 
hydrogen bonding restraints was used in the structure de- 
termination. The converged set of 41 structures represents 
the best quality NMR structure to date, exhibiting a root mean 
square difference between the individual structures and the 
mean coordinate positions of 0.33 A for the backbone atoms 
and 0.52A for all atoms. It was possible to determine the 
pairing of the two disulfide bridges, which previously was 
unknown. A backbone trace of the CBH I structure is shown 
in Figure 19 and several regions including the amino acid side 
chains are displayed in Figure 20. The protein has a wedgelike 
shape with an amphiphilic character, one face being predom- 
inantly hydrophobic and the other mainly hydrophilic. As 
can be readily appreciated from Figures 19 and 20, the quality 
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Figure 20. Best fil superpositions (41 structures) of all atoms for three 
selected regions of the C-terminal domain of CBH I illustrating the 
excellent definition of side chain positions (ref 53). 

of this structure is comparable to a crystal structure at ap- 
proximately 2-2.5 A resolution, and such structures permit 
the detailed analysis of side chain-side chain interactions and 
other possibly interesting structural features. 

PERSPECTIVE AND CONCLUDING REMARKS 
It should be clear from the above discussion that NMR now 

stands side by side with X-ray crystallography as a powerful 
method for three-dimensional structure determination. What 
are the limitations of this approach? At  present it is limited 
to proteins of molecular weight 120000. Indeed the largest 
proteins whose three-dimensional structures have been de- 
termined to date are plastocyanin (99 residues (54) ) ,  the 
globular domain of histone H5 (79 residues (55), a-amylase 
inhibitor (74 residues (56)), and interleukin-8 (a dimer of 72 
residues per monomer (57)). Virtually complete assignments, 
however, have been made for a variety of larger systems, in 
particular hen egg white lysozyme (129 residues (58)) and the 
lac repressor headpiece-operator complex (molecular weight 
-15 000 (59)), Staphylococcal nuclease (148 residues (60)), 
and interleukin-lp (153 residues (61)). Further development 
of novel techniques based on multidimensional NMR in 
combination with isotopic labeling and the introduction of 
yet more powerful magnets may make it possible to extend 
the molecular weight range up to proteins of molecular weight 
-40000 in the future. This, however, will probably present 
a fundamental limit as the large line widths of such proteins 
significantly reduce even the sensitivity of 'H-detected het- 

eronuclear correlation experiments. 
At this point it is appropriate to add a word of caution 

concerning the practical limits of structure determination by 
NMR. It is not always the size or the number of residues in 
a particular protein that determines the feasibility of an NMR 
structure determination. Other factors play equally important 
roles. For example, the protein should be soluble up to 
millimolar concentrations, nonaggregating, and preferably 
stable up to a t  least 40 "C, particularly for large proteins. A 
further consideration is the chemical shift dispersion of the 
'H NMR spectrum. This depends to a large extent on the 
structure of the protein under investigation. Proteins that 
are made up only of a-helices, loops and turns, invariably 
exhibit fairly poor proton chemical shift dispersion, while the 
chemical shift dispersion in &sheet proteins is usually very 
good. To a certain degree such problems associated with 
chemical shift degeneracy can be overcome by heteronuclear 
3D experiments. 

Another potmtial problem may arise from the fact that 
different regions or domains of a protein may be well-defined 
and therefore amenable to a NMR structure determination, 
while other parts of the same protein may not. This will be 
reflected in the absence of long-range tertiary NOES for the 
ill-defined regions and leads to the inability to position these 
regions with respect to the rest of the protein satisfactorily 
(e.g. the case of hirudin discussed above). We therefore believe 
that it is necessary to calculate a reasonable number of 
structures (ca 20) with the same experimental data set in order 
to obtain a good representation of the NMR structure. Only 
by analyzing such a family of structures can the local and 
global definition of a structure be assessed. 

X-ray crystallography, of course, also has its limitations, 
the most obvious being the requirement for a protein to 
crystallize. Thus suitable crystals that diffract to high reso- 
lution have to be grown and a successful search for heavy atom 
derivatives to solve the phase problem is necewxy. Therefore 
not every protein will be amenable to both NMR and X-ray 
crystallography. In those cases where this is feasable, the 
information afforded by NMR and crystallography is clearly 
complementary and may lead to a deeper understanding of 
the differences between the solution and crystalline state of 
the protein. 

Finally it should be stressed that, in addition to being able 
to determine three-dimensional structures of proteins, NMR 
has the potential to address other questions, in particular those 
concerning the dynamics of the system. This opens the 
possibility that a whole variety of different NMR studies can 
be initiated on the basis of an NMR structure, such as the 
investigation of the dynamics of conformational changes upon 
ligand binding, unfolding kinetics, conformational equilibria 
between different conformational states, fast internal dy- 
namics on the nanosecond time scale and below, and slow 
internal motions on the second and millisecond time scales. 
The results obtained from these kinetic studies can then be 
interpreted in the light of the previously determined structure, 
thus bringing together structure and dynamics of proteins in 
a unified picture. 
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